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Manual palpation performed by self-examination or physician is the most common method for detecting abnormal lesions within the breast. The ability to detect anomalies using this method is a result of the underlying mechanical properties of the tissue. More specifically, a consequence of the cellular structure and density of cancerous tissue is that it is stiffer than surrounding healthy breast tissue. Experimental measurements of the elastic properties of healthy and cancerous breast tissue have confirmed that invasive ductal carcinoma are up to an order of magnitude stiffer than the surrounding fibroglandular tissue [1, 2]. Several other groups have successfully reconstructed the mechanical properties of breast tissue using Magnetic Resonance (MR) elastography and ultrasound elastography, with calculated modulus values comparable to those from direct mechanical measurement [3–5]. 
Elastographic techniques for breast imaging are based on the inherent tissue stiffness contrast of cancerous tissue. This contrast is far greater than the x-ray attenuation contrast measured with a screen-film mammogram, regarded as the gold standard for breast cancer screening [6]. Several groups have had success in reconstructing the elastic properties of the breast volume using different elastographic methods, primarily MR or ultrasound based modalities [4,7-9].
Digital Image-based Elasto-Tomography (DIET) is a novel method currently under development in the field of soft tissue elastography. The DIET system uses only surface tissue motion as the inverse reconstruction input to an algorithm that calculates the internal stiffness distribution of the sample being examined. This reconstruction problem has less data and therefore greater computational intensity than full volume problems. However, the ability to obtain the reconstruction solution without the need for expensive and/or invasive methods such as MRI make the approach practically and clinically attractive.
Physiological aspects and the physical location of the female breast make it an ideal candidate for a novel, non-invasive, surface motion based property reconstruction technique such as DIET. An outline of the major steps in the DIET process follows:

1.	A steady-state sinusoidal motion is induced throughout the breast volume by an actuator placed against the surface of the breast.
2.	Spatially calibrated digital imaging sensors arrayed around the breast capture sequential two-dimensional images of reference points on the surface of the breast as they cycle through the full range of steady-state motion.
3.	Image processing algorithms and estimation techniques convert consecutive sets of two-dimensional images of each reference point on the breast surface into a three-dimensional motion vector map, with magnitude and phase.
4.	The three-dimensional amplitude of each reference point’s motion is used in an inverse reconstruction algorithm that generates an elastic modulus distribution within the three-dimensional breast volume.







A necessary pre-requisite of testing the DIET system in vivo is an evaluation phase using phantoms designed to closely approximate the behavior of soft tissue. Testing computational and processing algorithms, and system hardware on phantoms of known mechanical properties should allow evaluation and refinement of the system under a controlled environment. In this experiment, gelatine phantoms that approximate soft tissue were used to test the procedure for obtaining surface motion from an actuated sample. In addition, the mechanical properties of the phantom material were tested by independent techniques, providing benchmark measurements against which mechanical property estimation methods could be evaluated.
A gelatine-based hydrogel was used in this study because of its linear elastic behavior and similar mechanical properties to human soft tissue [11]. Variation in the composition of the gelatine allowed control over the resulting Young’s modulus of the phantom. A Young’s modulus value of between 10 kPa and 50 kPa was desired, matching the range expected for healthy breast tissue [3].
Mechanical testing samples were taken from a concurrently produced gelatine batch for mechanical property measurements. These samples were tested at room temperature 24 hours after preparation using a Dynamic Mechanical Analyzer (Diamond DMA, Perkin Elmer Instruments Inc). Static compression testing was performed to a strain approaching 10%, which is the upper limit of the gelatine’s linear-elastic range [11]. Multiple samples were tested, with an average sample Young’s Modulus of 9 kPa.


Figure 1: Experimental setup for motion capture.

A test apparatus was developed to image the surface motion of the gelatine phantom model, as shown in Figure 1. The phantom was placed on a horizontal plate and driven to steady-state harmonic motion by a linear voice coil actuator coupled to a 300W amplifier. Applied actuation was 1.2mm peak-to-peak at 50 Hz. Two consumer-level digital cameras were used for image acquisition, and connected to an image processing computer. Both cameras were focused on the centre of the actuation plate at a distance of approximately 200mm and separated by an angle of roughly 75 degrees. Accurate positioning of the cameras was not required because all position-dependent camera parameters are determined during the camera calibration process, as discussed in [10].
Uniform light was supplied to the scene using four 60W lamps. A triggerable stroboscope was coupled to the actuator signal to freeze phantom motion for image capture. Adjusting the timing of the stroboscope illumination relative to the sinusoidal actuation signal allowed examination of the surface motion at a range of phases during the steady-state motion cycle. More specifically, strobing allows the same point in the steady-state response to be imaged over several cycles.
Actuation plate motion was measured using a Helium-Neon laser and an interferometer coupled to a vibrometer controller. The velocity information provided was used for amplitude and frequency control of the actuation system. A dSPACETM modular hardware control system was use to run this system. Prior to motion imaging, two columns of black dots were applied to the phantom with a permanent marker. These fourteen reference points were motion tracked with the camera system. Simultaneous left and right images were captured at a sequence of 20 degree phase offsets throughout the motion cycle using remote computer controlled image capture software. The process was repeated until two complete cycles of motion had been captured.
The tracked reference point location data required further processing before it could be directly compared with motion data generated by simulated Finite Element (FE) solution or used in mechanical reconstruction. This task involved approximating the 3D motion of each reference point with a vector representing its steady-state displacement. This was carried out by enclosing the motion path within a 3D box with dimensions equal to the peak-to-peak amplitude of each of the three orthogonal motion components Δx, Δy and Δz. The steady-state displacement of the ith reference point was then approximated as a vector di containing three elements Δx/2, Δy/2 and Δz/2. The sign of the three components of di was determined by examining the measured motion track overlaid with the vector approximation.
A simple attempt at estimating the elastic modulus of the phantom was made using a FE model of the phantom. The phantom’s assumed homogeneity meant that only a one-parameter estimate was required, eliminating the need for a more involved gradient-descent based reconstruction method. Instead basic motion error minimization was used to estimate a single stiffness parameter, to prove the concept.




where F represented the motion error metric, N the number of reference points, and θ a combination of the material parameters E (Young’s modulus), ν (Poisson’s Ratio) and ρ (density). For the homogeneous, isotropic case, where all material properties were assumed constant, and ν and ρ were assumed known (0.49 and 1000 kg/m3 respectively), only Young’s modulus needed to be reconstructed.

Figure 2: FE model with tracked points indicated.





An estimate of 12.5 kPa for the phantom modulus led to a reasonable match between measured and calculated motions at several of the reference points. At points where the match was not as clear, the measured motion path was considerably erratic, providing evidence that improved motion tracking techniques, or more points, may further improve the match between experimental and simulated motions.
Figure 3 is a plot of motion error across a range of stiffness values. The measured motion line represents error between the experimentally measured motion and FE-simulated motion sets at the given Young’s modulus value. The simulated motion line represents the same calculations performed using motion from an FE-simulated 12.5 kPa phantom with the addition of 50% normally distributed noise as ‘real’ data. Examination of the figure confirmed that 12.5 kPa was most likely the stiffness of the gelatin phantom when actuated at 50 Hz. A 12.5 kPa stiffness gave the lowest motion error when compared to the experimentally measured motion. In addition, assuming the phantom was 12.5 kPa and simulating a noisy motion data set generated an error plot that effectively matched the plot for the experimentally measured data. This result indicates both that 12.5 kPa was the likely phantom stiffness, and that experimental noise affected the real data.


Figure 3: Measured and simulated motion error data.

Investigations using the two other stiffness values with minimum error (6.1 kPa and 9.5 kPa) showed less similarity to the experimentally measured motion error than the 12.5 kPa data in Figure 3. This confirmed that 12.5 kPa was the most likely apparent stiffness of the phantom when actuated at 50 Hz. Slight frequency hardening of the gelatine is one reason why the reconstructed stiffness value of 12.5 kPa was higher than the measured static compressive Young’s modulus of 9 kPa. In addition, the gelatine forms a stiffer surface skin when exposed to air. This stiffer surface skin makes surface motions appear as if they were from a homogeneous phantom of slightly higher stiffness than samples mechanically tested with the outer skin removed.
As with any experimental work, this investigation was subject to sources of experimental error. While these errors were not large enough to significantly compromise the results obtained, documenting the sources of error will allow future work to improve accuracy in all areas. The measured Young’s modulus of the gelatine sample (9 kPa) was slightly below the target range for the experiment (10–50 kPa). This result was largely due to variability in the phantom preparation process. Though refinements in both phantom preparation and the experimental setup will allow stiffer phantoms to be tested, the motion tracking and stiffness estimation methods used in this experiment will work with phantoms of any stiffness. The static Young’s modulus of 9 kPa may not have been the most accurate description of the elastic properties of the dynamically actuated gelatine, which was observed to have slight viscoelasticity when harmonically actuated. A viscoelastic material has both real (storage modulus) and imaginary (loss modulus) components to the elastic modulus, in this case estimated with a single Young’s modulus value. Viscoelastic effects will be considered in future mechanical testing, allowing them to be accounted for in the FE simulation. Errors were also introduced to the motion data from the detected position
of the reference points. The shape and border of each point was not entirely uniform due to diffusion of the permanent marker dye and inaccuracies in its application. Reflections from the surface of the phantom and non-uniformities in lighting meant the appearance of each reference point was not consistent throughout the full range of steady-state motion, reducing the accuracy of reference point localization.
Because the experimental motion data generally followed an ellipsoidal pattern, it was not always easily approximated by a vector. In certain cases the reference point motion could not be approximated by an ellipsoid, posing a further challenge. In this case, the estimated motion vector was likely to be incorrect in direction, amplitude, or both. The motion tracking and processing system does not currently have the ability to determine phase offset of the experimentally measured motion. Additionally, the current FE model can not simulate viscoelastic behaviour, and all simulated motion is considered in phase. As a consequence, experimental motions were assumed in phase. While this approach meant that the actual motion error values may have been slightly incorrect, error calculation results were kept consistent, allowing valid comparisons to be made. Additional errors have been introduced by the use of ellipsoidal pathlines generated by the reference points during the motion cycle to generate vector displacements at nodal points on the phantom model. Such path-lines represent the trace of a particle moving through a motion field, rather than the exact amplitude of the motion field at a (nodal) point in space. A better approximation would be to use the points along the path-lines to determine the local motion field values in the model region immediately surrounding the ellipsoid through a least squares process.
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